An efficient method for nitrogen dioxide (NO 2 ) gas detection in single-walled carbon nanotubes (SWCNTs) ordered using dielectrophoretical (DEP) technology after dispersion in sodium dodecyl sulfate (SDS) surfactant solution. Atom force microscopy (AFM) and scanning electron microscopy (SEM) images revealed that SWCNTs were assembled between the microelectrodes. SWCNTs were affected by the electrophoretic force which was carried out by the related theoretical analysis in a nonuniform electric field. SWCNT field effect transistors (SWCNT-FETs) geometry was obtained. The electrical performance of NO 2 gas sensor with SWCNT-FETs structure was tested before and after NO 2 at room temperature. Experimental results that the efficient assembly of SWCNTs were obtained when the applied alternating current voltage has a frequency of 2 MH z and an amplitude of 10 V. SWCNTs-based gas sensor had high sensitivity to NO 2 , and the electrical conductance of NO 2 gas sensor reduced two times. SWCNTs surface gas molecules were washed out by means of ultraviolet ray irradiation in 10 minutes. NO 2 gas sensor could be duplicated. Meanwhile, it also provided an effective method of assembly and manufacture for other one-dimensional nanomaterials assembly of nanoelectronic devices.
Introduction
It is well-known that single-walled carbon nanotubes (SWCNTs) have attracted tremendous interest as a novel material in various nanoelectronic devices [1] . Compared with the traditional air sensitive material, SWCNTs have high specific surface area, high conductivity, rich pore structure, high surface energy and stability of the physical and chemical properties [2] . Because of their perfect geometric structures and extraordinary electronic performance, SWCNTs-based gas sensors can be used as miniature sensors to detect low concentrations of harmful gas molecules such as NH 3 , NO, NO 2 at room temperature [3] . However, the increase of air pollution has continuous expansion in gas sensor development [4] . SWCNTs-based gas sensors have been recently widely studies for gas sensing applications [5] . With the development of the cities, the number of the cars will be more. However, the cars will still send out a small amount of nitrogen dioxide (NO 2 ) gas which is a kind of harmful gas [6] . As SWCNTs are a kind of ultra-sensitive nano material, they can be used to fabricate very high sensitive sensor with very fast response and low operating temperature in order to detect miniaturized gas [7] . SWCNTs-based gas sensors utilize the electrical conductance of SWCNTs due to adsorption of gas molecules as the electrical readout. The type of gas is detected in line with the different conductivity detection variation of SWCNTs after NO 2 goes through the chip [8] .
In this work, a method will be proposed to fabricate the SWCNT based gas sensor. With respect to the assembly and manufacture of SWCNT-FETs, dielectrophoretical (DEP) technology was taken advantage of carrying out the effective assembly of pure SWCNTs between the microelectrodes. A number of successful and batch assembly of SWCNT-FETs could be achieved by the applied alternating current voltage had a frequency of 2 MHz and an amplitude of 10 V. The electrical performance of NO 2 gas sensor with SWCNT-FETs structure was tested before and after NO 2 at room temperature. The electrical conductance of NO 2 gas sensors increased three times. SWCNTs-based gas sensors showed fast response, high sensitivity, low operating temperature after NO 2 went through them.
Experimental Details
SWCNTs were prepared by the way of the ultrasonication and the density gradient centrifugation. Firstly, pure SWCNTs solution was obtained after treatment as follows. Raw SWCNTs were dispersed in an aqueous solution of 1% sodium dodecyl sulfate via ultrasonication. The upper 50% solution was removed after ultracentrifugation at 3000 g for 2 h. The remaining lower solution 50% of SWCNTs was held on at 30000 g for 2 h. Then the upper 50% solution was obtained which was the pure SWCNTs solution. AFM image of SWCNTs produced by the method was shown in Fig. 1 . Secondly, SWCNTs was assembled between the microelectrodes on the chip by the dielectrophoresis (DEP) technology as follows. 0.5 µl of SWCNTs solution was transferred to the gap of microelectrodes defined as source and drain for a transistor functional structure. A heavily doped S i with a 300 nm thick thermally grown S i O 2 layer on top were applied as the gate. The alternating current (AC) voltage was applied on the DEP probe with frequency 2 MH z and peak-to-peak voltage 10 V, which generated DEP force to actuate and assemble SWCNT at the microelectrode gap. The DEP duration time was about 10 s, and the duration time will affect the number of SWCNTs assembled at the gap. Then the chip was rinsed in deionized water to remove the remains of sodium dodecyl sulfate. The rinsing time was about 20 s. Thirdly, the SWCNT-assembled chips were dried in a drying oven for 30 min, then they were scanned by atomic force microscope (AFM) and scanning electron microscopy (SEM) to detect the assembly result. Finally, the chips were tested in a gas testing environment. Fig. 2 depicted the experimental apparatus for gas sensor fabrication. The container was in vacuum before using. Pure nitrogen (N 2 ) gas was as the carrier gas. The electrical performance of NO 2 gas sensors with SWCNT-FETs structure was tested before and after NO 2 at room temperature. The electrical conductance of NO 2 gas sensor was changed correspondingly.
Results and Discussion
The well pretreated SWCNTs solution was assembled between the microelectrodes by DEP according to the above method and set the parameters. AFM and SEM images of SWCNT-FETs were shown in Fig. 3 . AFM and SEM observation were conducted after the ac electric field for DEP was removed and deionized water was evaporated. DEP on the SWCNT had a strong effect of the drive and array assembly. SWCNTs bridged across the electrode gap. Some SWCNTs were arranged around the electrode corner because the electric field became stronger along with it. To test the effectiveness of SWCNT-FETs assembly and sensitivity, Agilent4155C semiconductor parameter analyzer used the assembly of the microelectrode structure of SWCNT-FETs electrical characteristics were tested. The results were shown in Fig. 4 . The current between source and drain varies with gate voltage, respectively. The gate voltage varies from −3 V to 3 V, and the drain voltage varies from −1000 mV to 1000 mV. For different gate voltages, the output of the current curve of the corresponding changes, with significant field-effect characteristics was shown in Fig. 4 , which achieved an effective physical assembly and electrical connections.
A significantly fast response time of the sensors with SWCNTs treatment were observed when exposed to 0.86 ppm and 1.05 ppm NO 2 . A typical I-V curve at a point on the junction was tested before and after NO 2 at room temperature in Fig. 5 . Figure 5 showed that the electrical conductance of SWCNT-FETs 0.86 ppm and 1.05 ppm NO 2 . The electrical conductance of SWCNTs increased three times when the SWCNTs were exposed to NO 2 because NO 2 occupied hole of SWCNTs to reduce the majority carriers. SWCNTs-based gas sensors could be repeatedly used after they were reset to the initial conductance by ultraviolet beam illumination for 10 min in Fig. 6 . Figure 6 showed that the electrical resistance returned to be very close to the original value rapidly. SWCNTsbased gas sensors could be used reduplicately which contributed them to the scale of development.
Conclusions
An efficient, dependable, fast, simple, and low-cost fabrication method of a SWCNTsbased NO 2 gas sensor was shown. A clear understanding of gaseous interactions in SWCNTs-based gas sensors with FET was obtained. With respect to the assembly of carbon nanotube field effect transistor, the DEP technology was adopted, which assembled SWCNTs between microelectrodes. SWCNTs-based gas sensors had proved to work well at room temperature, which reduced power consumption of the device and enabled the safer detection of flammable gases. The obtained SWCNTs-based gas sensors could detect NO 2 gas by way of the electrical performance variation of SWCNTs with SWCNT-FETs structure before and after NO 2 . The present SWCNTs-based gas sensors are potentially applicable as a NO 2 monitor, especially after gas sensor after they reach the scale of development. 
